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20-~CH-DIAMETEX RAM-JET COMBUSTOR 

I By George R. Smolak and C a r l  B. Wentworth 

I SUMMARY 

An i n v e s t i g a t i o n  of a can-type flame holder  employing a f u e l - a i r -  
mixture c o n t r o l  s l e e v e  in  a 20-inch-diameter ram- je t  combustor was con- 
ducted b y  free-jet and d i r ec t - connec t  techniques a t  a s imulated f l i g h t  
Mach number o f  3.0 and a l t i t u d e s  from about 70,000 t o  80,000 feet .  

I 

I 
~ 

The can-type combustor had peak combustor e f f i c i e n c i e s  o f  about  0.90 
a t  f u e l - a i r  r a t i o s  o f  0.018 and 0.04. 
between t h e s e  two f u e l - a i r  r a t i o s  were f u r t h e r  reduced by r educ ing  
combustor- inlet  p re s su re .  
V - g u t t e r  c o n f i g u r a t i o n  r evea led  only s l i g h t  d i f f e r e n c e s  i n  s p e c i f i c  f u e l  
consumption. 

The lower combustor e f f i c i e n c i e s  

Comparison with a p r e v i o u s l y  r e p o r t e d  c i r c u l a r  

0 

Reduction of  t h e  SG-inch c m h s t i e n - c h m b e r  l e n g t h  t o  56 inches low- 
ered the combustor e f f i c i e n c y  14 percentage p o i n t s  a t  a f ie l -a i r  r a t i o  
of 0.02 and 18 pe rcen tage  p o i n t s  at a fuel-air r a t i o  o f  0.04. 

INTRODUCTION 

As part  of a program b e i n g  conducted a t  the NACA Lewis l a b o r a t o r y  
t o  d e v i s e  ram-jet combustors s u i t a b l e  f o r  long-range missiles, the p e r -  
formance of a can-type flame 3 o l d e r  has been i n v e s t i g a t e d .  The can-type 
flame ho lde r  is one of f o u r  flame h o l d e r s  which have been s t u d i e d  i n  t h e  
program. R e s u l t s  of tests on the o t h e r  three f lame ho lde r s ,  which i n -  
cluded c i r c u l a r - g u t t e r  c o n f i g u r a t i o n s  w i t h  b o t h  s m a l l  and l a r g e  p i l o t s  
and a s l o p i n g - b a f f l e  c o n f i g u r a t i o n  with a large p i l o t ,  are r e p o r t e d  i n  
references 1 and 2. 
flame ho lde r  a t  combustion-chamber i n l e t  p re s su res  of about  2400 pounds 
p e r  squa re  f o o t  i s  r e p o r t e d  i n  r e f e r e n c e  3 and shows that  h igh  combustor 
e f f i c i e n c i e s  can be obtained over a wide range of fuel-air r a t i o  {about 
0.01 t o  0.06) by u s e  of a mixture  c o n t r o l  s l e e v e  and d u a l  f u e l  systems. 
It was t h e  purpose of t h e  i n v e s t i g a t i o n  r epor t ed  h e r e i n  t o  extend the 

A d i rec t - connec t  i n v e s t i g a t i o n  of a 16-inch can-type 
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i n v e s t i g a t i o n  of r e f e r e n c e  3 t o  combustor- inlet  p r e s s u r e s  below 2400 
pounds per square  f o o t .  
ves t iga t ed  i n  a 20-inch-diameter ram-jet engine  i n  an a l t i t u d e  chamber 
s imula t ing  a f l i g h t  Mach number of 3.0. 

A similar can-type combustor was t h e r e f o r e  i n -  

The combustor e f f i c i e n c y ,  combustor t o t a l - p r e s s u r e  r a t i o ,  combustor- 
o u t l e t  t o t a l  pressure, combustor - in le t  Mach number, and s p e c i f i c  f u e l  
consumption a r e  presented .  The e f f e c t  of  combustor l e n g t h  on e f f i c i e n c y  
and the e f f e c t  o f  p i l o t  ope ra t ing  cond i t ions  on combustor burn ing  limits 
a r e  a l s o  presented .  

APPARATUS 

F a c i l i t y  

The f a c i l i t y  tha t  was u t i l i z e d  f o r  t h i s  i n v e s t i g a t i o n  could be oper-  
It i s  shown i n  f i g u r e  1 ated  as a free-jet and as a d i r ec t - connec t  u n i t .  

wi th  t h e  ram-jet combustor i n s t a l l e d .  A i r  en te red  the f a c i l i t y  through 
a combustion-type p r e h e a t e r  which v i t i a t e d  the f a c i l i t y  air  supply  t o  a 
f u e l - a i r  r a t i o  of  0.009 o r  less. The air then  passed i n t o  a surge t ank  
and was expanded through a convergent-divergent  nozz le  t o  a Mach number 
of 3.0. The engine d i f f u s e r  i n l e t  was submerged i n  the Mach number 3.0 
j e t  and the excess air  s p i l l e d  around the engine  i n l e t  through the get 
d i f f u s e r .  
be t h r o t t l e d  f o r  engine starts. 
f a c i l i t y  and i t s  opera t ion  are  given i n  r e f e r e n c e  4. 

The engine exhaust  passed i n t o  a separate chamber which could 
A complete d e s c r i p t i o n  of the f ree- je t  

For the d i r ec t - connec t  mode of i n v e s t i g a t i o n ,  b lank-of f  plates were 
i n s t a l l e d  t o  cover  the j e t  d i f f u s e r  ( f ig .  l), s o  tha t  air was ducted 
subson ica l ly  t o  the annulus  formed by the  engine cowl l i p  and the d i f f u s e r  
cen t  erbody . 

Engine 

A c ros s  s e c t i o n  of t h e  20-inch-diameter, 173-inch-long ram- j e t  
engine is  shown i n  f i g u r e  2.  
annular  type w i t h  two e x t e r n a l  c o n i c a l  shocks.  
struts extending from near  t h e  cowl l i p  t o  about  s t a t i o n  2 d i v i d e  the 
a i r  flow through the d i f f u s e r  i n t o  three channels .  
has  an i n s i d e  d iameter  of 20 inches  and i s  water- jacketed.  
convergent exhaust  nozz le  has a minimum area e q u a l  t o  55 pe rcen t  o f  the 
c ombu s t i on -chamber cr os 8 - s e c t i o n a l  area. 

The i n l e t  d i f f u s e r  i s  of  the double-cone 
Axial centerbody suppor t  

The combustion chamber 
The contoured 

A 6.4-inch-diameter,  4.9-inch-long p i l o t  bu rne r  was mounted on the 
b l u n t  end of the d i f f u s e r  centerbody as shown i n  figure 2 .  
suppl ied t o  the p i l o t  by t h r e e  e q u a l l y  spaced nozz le s  designed t o  produce 

A i r  was 
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w h i r l i n g  flow. A i r  was supp l i ed  t o  the p i l o t  at the same tpmperature  as 
the engine i n l e t  air by bleeding it from t h e  p r e h e a t e r  d i scha rge  as shown 
i n  figure 1. P i l o t  fuel f low was introduced th rough  a fixed-area c o n i c a l  
s p r a y  n o z z l e  l o c a t e d  i n  the c e n t e r  of t h e  upstream end of the p i l o t .  The 
n o z z l e  was r a t e d  a t  1 2  g a l l o n s  per hour at a d i f f e r e n t i a l  pressure of 100 
pounds per s q u a r e  inch.  

A high-energy condenser-discharge i g n i t i o n  system was used t o  i g n i t e  
the ram-jet engine.  
through the f u e l - a i r  mixture  c o n t r o l  sleeve and i n t o  the p i l o t  bu rne r .  

As shown i n  f i g u r e  2, the s p a r k  p l u g  p r o j e c t e d  

The fuel  used i n  the combustion preheater and the ram-jet engine was 
MIL-F-5624A, g rade  JP-4. 

Combustor Configurat ions 

Configurat ion 1. - Details o f  t h e  can-type flame h o l d e r  are shown i n  
f i g u r e  2. 
and the r a t i o  of s u r f a c e  open area o f  t h e  can-type flame ho lde r  t o  
combustion-chamber c r o s s - s e c t i o n a l  area was 1.17. 
were n e a r l y  the same as t h o s e  used f o r  the can-type flame ho lde r  o f  ref- 
erence 3. The downstream o u t e r  edge of t h e  flame h o l d e r  was 18.6 inches  
i n  diameter  and was l o c a t e d  41.8 inches  f rom the p i l o t  d i scha rge .  
an annu la r  gap, 0.7 inches wide, e x i s t e d  between the downstream end o f  
t h e  flame h o l d e r  and the combustion chamber w a l l .  
38.6-inch-long fue l - a i r -mix tu re  c o n t r o i  sleeve, vl-ifck enclseec? 49 percent 
of t h e  s u r f a c e  open area o f  the can, was at tached t o  the flame ho lde r .  
The upstream o u t e r  edge of t h e  sleeve was 14.5 inches i n  diameter.  The 
s l e e v e  d iv ided  the f low area i n t o  i n n e r  a n d  o u t e r  zones,  each zone having 
i t s  m f i e l - i n j e c t i o n  system. Support s t r u t s  were provided about  midway 
a long  t h e  c o n t r o l  s l e e v e .  The combustion chamber was 86 inches  in l e n g t h ,  
measured a x i d l y  from the base of the d i f f u s e r  centerbody t o  the en t r ance  
of t h e  exhaust  nozzle .  

The included cone angle of the can-type f lame h o l d e r  was 16.5’, 

These design variables 

Thus 

A s l igh t ly  c o n i c a l  

Fuel-system d e t a i l s  are shown i n  figure 3. Dual supply p i p e s  f e d  
and supported each of t h e  three inner manifolds.  Inner-zone manifolds  
and supply pipes w e r e  covered w i t h  a m e t a l  j a c k e t  t o  i n s u l a t e  them from 
t h e  high-temperature i n l e t  air. Each inner  manifold had s i x  spray bars 
which provided normal f u e l  i n j e c t i o n  f’rom two opposed 0.021-inch-diameter 
ho le s .  Each of t h e  three o u t e r  manifolds was f e d  and supported by d u a l  
supply p i p e s  and i n j e c t e d  fuel i n  a dr>wnstream d i r e c t i o n  from f i v e  pairs 
of 0.028-inch-diameter ho le s .  Inner-  and outer-zone f u e l  was i n j e c t e d  a t  
d i s t a n c e s  of  1 6  and 13 inches ,  r e s p e c t i v e l y ,  upstream of t h e  p i l o t  
d i scha rge .  

Configurat ion 2. - Configurat ion 2 was t h e  same as conf igu ra t ion  1 
except that the f low r e s t r i c t i o n  i n  t h e  outer  zone was i nc reased  by c l o s -  
i n g  t h e  0.7-inch annu la r  gap a t  t h e  downstream end o f  t h e  flame h o l d e r  by ................................. . .. 0 .  . . 0. . 0 .  . . ........ .... ...... : 0 .  ......................... : ..:comImr9r~ 0 .  . *  0 .  ........ 
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l 
a f l a t  p l a t e  ( f i g .  4). 
of a i r  f low between t h e  i n n e r  and o u t e r  zones s o  t h a t  t h e  inner-zone I 

peak e f f i c i e n c y  would be c l o s e r  t o  a fuel-air  r a t i o  of 0.02. I 

This  p l a t e  w a s  i n s t a l l e d  t o  s h i f t  t h e  d i v i s i o n  

Configurat ion 3. - Except f o r  t h e  inner-zone f u e l - i n j e c t i o n  system 
and t h e  combustion-chamber l e n g t h ,  c o n f i g u r a t i o n  3 was i d e n t i c a l  t o  con- 
f i g u r a t i o n  2. The f u e l  system w a s  t h e  same as t h a t  f o r  c o n f i g u r a t i o n  2 
except t h a t  t h e  i n n e r  manifolds each had f o u r  s p r a y  bars and each bar 
provided normal f u e l  i n j e c t i o n  from two opposed 0.026-inch-diameter C 
holes .  The combustion-chamber l e n g t h  of c o n f i g u r a t i o n  3 was decreased 0 

T 

pc t o  56 inches  t o  determine i t s  effect  on the can-type flame-holder 
performance. I 

Ins t rumen ta t ion  

The l o c a t i o n s  of temperature  and p r e s s u r e  in s t rumen ta t ion  a t  t h e  
va r ious  s t a t i o n s  are shown i n  f i g u r e s  1 and 2. Eng ine - in l e t  t o t a l  p re s -  
s u r e  and t o t a l  temperature  were measured i n  t h e  su rge  t ank  upstream o f  
t h e  supersonic  nozzle .  W a l l  s ta t ic  p r e s s u r e  was  measured n e a r  t h e  engine 
subson ic -d i f fuse r  ex i t .  A water-cooled rake, j u s t  upstream o f . t h e  engine 
exhaust-nozzle i n l e t ,  provided a t o t a l - p r e s s u r e  survey.  A i r  f lows t o  t h e  
p rehea te r  and p i l o t  bu rne r  were measured wi th  A.S.M.E. t y p e  f l a t - p l a t e  
o r i f i c e s .  Temperature of  t h e  p i l o t  a i r  w a s  measured downstream of t h e  
p i l o t - a i r  meter ing o r i f i c e .  Fue l  f lows t o  b o t h  t h e  combustion p r e h e a t e r  
and the  engine were measured w i t h  c a l i b r a t e d  ro t ame te r s .  A per i scope ,  
used t o  determine engine blow-out, a f fo rded  v i s u a l  observat ion of t h e  
combustion chamber from the exhaust  nozz le ;  the l i n e  of s i g h t  was up- 
stream a long  the engine a x i s .  

PROCEDURE 

Simulat ion of F l i g h t  Condi t ions 

A f r e e - j e t  Mach number of approximately 3.0 was obtained ahead o f  
t h e  engine by means of a convergent-divergent nozzle .  B y  u s i n g  the 
combustion-type p r e h e a t e r ,  t h e  t o t a l  temperature  of t h e  air  e n t e r i n g  t h e  
su rge  t ank  and p i l o t  was r a i s e d  t o  l l O O o  R t o  s i m u l a t e  t h e  s t anda rd  
t o t a l  temperature  f o r  a f l i g h t  Mach number of 3.0 at a l t i t u d e s  above 
t h e  tropopause. 

Tie engine,  by v i r t u e  of i t s  i n l e t  and ex i t  geometry, operated 
s u p e r c r i t i c a l l y  f o r  all f u e l - a i r  r a t i o s  (ref. 5). me r,m?x~stcr  res- 
SEES are t h e r e f o r e  somewhat lower f o r  t h e  s imulated a l t i t u d e s  of t h i s  
i n v e s t i g a t i o n  than are o b t a i n a b l e  w i t h  a bet ter  matching of t h e  i n l e t  
and e x i t  geometry. The performance of t h e  three c o n f i g u r a t i o n s  i n v e s t -  
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i g a t e d  is  t h e r e f o r e  p re sen ted  b o t h  i n  terms of engine u n i t  air  flow and 
i n  terns of corresponding a l t i t u d e s  i n  the jet .  
and d i r ec t - connec t  i n v e s t i g a t i o n s ,  the t o t a l  p r e s s u r e  i n  t h e  surge t a n k  
was v a r i e d  t o  provide a range  of engine u n i t  air flow. 
from 4.09 t o  6.85 pounds per second per square f o o t  of combustion chamber 
c r o s s - s e c t i o n a l  area, corresponding t o  simulated a l t i t u d e s  o f  from 80,700 
feet t o  70,400 feet ,  r e s p e c t i v e l y .  

For b o t h  t h e  free-jet 

This range was 

Opera t iona l  Techniques 

Supersonic  f low was e s t a b l i s h e d  i n  the fYee-jet nozz le  a t  the i n l e t  
temperature  o f  l l O O o  R. 
exhaust  nozz le  (fig. 1) was then par t ia l ly  c losed  t o  raise t h e  combustor 
p r e s s u r e  level and reduce t h e  v e l o c i t y  at t h e  combustor i n l e t .  
engine i g n i t i o n  system was a c t i v a t e d ,  after which f u e l  was supp l i ed  t o  
the inner-zone manifolds  i n  the d e s i r e d  amount. 
f u e l - a i r  mixture ,  the t h r o t t l i n g  v a l v e  was opened and the engine exhaust  
nozz le  was choked. D a t a  w e r e  taken a t  c o n s t a n t  u n i t  a i r  flow, and the 
engine inner-zone f u e l  f l o w  was vaxied t o  cover t h e  operable  range o f  
f u e l - a i r  r a t i o .  Then, w h i l e  f u e l  f l ow t o  the i n n e r  zone was held con- 
s t a n t  a t  the most e f f i c i e n t  inner-zone fuel-air r a t i o ,  f u e l  was supp l i ed  
t o  the o u t e r  zone t o  determine the performance at r i c h e r  fuel-air r a t i o s .  

A t h r o t t l i n g  va lve  downstream o f  the engine 

N e x t ,  the 

Upon i g n i t i o n  of the 

Symbols and C a l c u l a t i o n s  

Symbols used i n  t h i s  r e p o r t  are l i s t e d  i n  appendix A. Methods of 
c a l c u l a t i o n  of e n g i n e - i n l e t  air  flow, engine f u e l - a i r  r a t i o ,  combustor 
e f f i c i e n c y ,  combustor- inlet  Mach number, and specific fue l  consumption 
are l i s t e d  i n  appendix B. 

RESULTS AND DISCUSSION 

Configurat ion 1 

The performance of c o n f i g u r a t i o n  1 is  p resen ted  i n  figure 5(a) f o r  
u n i t  air flows of 6.85, 5.42, and 4.09 pounds per second p e r  square f o o t  
o f  combustion-chamber c r o s s - s e c t i o n a l  area. Performance was measured 
w i t h  inner-zone f u e l  i n j e c t i o n  only.  A peak combustor e f f i c i e n c y  o f  
0.86 was obtained a t  a fuel-air r a t i o  of 0.013 ( f i g .  S ( a ) ) ,  leaner t h a n  
t h e  d e s i r e d  fuel-air r a t i o  of 0.02, f o r  a u n i t  air f low of 6.85. A t  
the low u n i t  air  f low of 4.09, t h e  peak combustor e f f i c i e n c y  occurred 
a t  a f u e l - a i r  r a t i o  of 0.016 and was only 0.52. The combustor p r e s s u r e  
r a t i o  w a s  about  0.95 f o r  all burn ing  cond i t ions .  
t o t a l  p r e s s u r e  v a r i e d  from 470 t o  1090 pounds per squa re  f o o t  a b s o l u t e .  
The combustor- inlet  Mach number v a r i e d  *om 0.32 to 0.22. 

The combustor-exit  
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Conf igu ra t ion  2 

I n  o rde r  t o  s h i f t  t h e  inner-zone peak-e f f i c i ency  p o i n t  of conf igu r -  
a t i o n  1 t o  a h i g h e r  f u e l - a i r  r a t i o  (around 0.02) it was necessa ry  t o  
p a s s  a l a r g e r  pe rcen tage  of t h e  t o t a l  engine air f low through t h e  i n n e r  
zone. The i n c r e a s e  i n  air flow th rough  t h e  i n n e r  zone was accomplished 
w i t h  c o n f i g u r a t i o n  2 by i n c r e a s i n g  t h e  f low r e s t r i c t i o n  i n  t h e  o u t e r  
zone. 

V 
d( 
N 
tQ 

The performance of c o n f i g u r a t i o n  2 i s  p resen ted  i n  figure 5(b) f o r  
approximately t h e  same u n i t  air f lows  as f o r  c o n f i g u r a t i o n  1. For  opera- 
t i o n  w i t h  only t h e  inner-zone f u e l  system, a peak combustor e f f i c i e n c y  
of 0.90 occurred a t  a f u e l - a i r  ra t io  of 0.018 ( u n i t  a i r  f lows of 5.44 and 
6 .80 ) .  Thus, t h e  o b j e c t i v e  of s h i f t i n g  t h e  inner-zone peak-e f f i c i ency  
f u e l - a i r  r a t i o  n e a r e r  t o  a fuel-air r a t i o  of 0.02 was achieved and, i n  
a d d i t i o n ,  the peak e f f i c i e n c y  was i nc reased  by about  5 pe rcen tage  p o i n t s  
f o r  t h e  u n i t  a i r  flows of 6.80 and 5.44. For opera t ion  a t  a u n i t  air 
f low o f  4.10, t h e  peak e f f i c i e n c y  showed a marked i n c r e a s e  from 0.52 t o  
0.87 w i t h  c o n f i g u r a t i o n  2. These improvements i n  e f f i c i e n c y ,  however, 
were gained a t  t h e  expense of i nc reased  combustor p r e s s u r e  l o s s e s  as 
shown by comparison of f i g u r e s  5(a) and (b). 
combustor p r e s s u r e  r a t i o  of 0.89, whereas c o n f i g u r a t i o n  1 had a p r e s s u r e  
r a t i o  of 0.95. I n  a subsequent paragraph,  t h e  combined effects of 
e f f i c i e n c y  and combustor p r e s s u r e  r a t i o  on s p e c i f i c  f’uel consumption w i l l  
be d i scussed .  

Configurat ion 2 had a 

When c o n f i g u r a t i o n  2 was operated w i t h  i n n e r  and o u t e r  f u e l  systems 

The peak combustor e f f i c i e n c y  was about  0.90 f o r  b o t h  u n i t  a i r  
t o g e t h e r ,  peak combustor e f f i c i e n c y  occurred a t  a f u e l - a i r  r a t i o  of about  
0.04. 
f lows i n v e s t i g a t e d .  

The e f f e c t  of pressure over a wider r ange  than t h a t  covered 5y t h e s e  
tes ts  can be r evea led  by comparison w i t h  r e f e r e n c e  3, where c m b u s t o r -  
i n l e t  p r e s s u r e s  of 2230 t o  2530 pounds p e r  squa re  f o o t  were experienced.  
I n  r e f e r e n c e  3, e f f i c i e n c i e s  of 0.9 o r  be t te r  were obtained a t  a l l  f u e l -  
air  r a t i o s .  Configurat ion 2 had peak e f f i c i e n c i e s  of 0.88 t o  0.91 a t  
pressures f rom 600 t o  1400 pounds p e r  square f o o t  f o r  f’uel-air r a t i o s  
o f  about 0.018 and 0.04, b u t  was 13 pe rcen tage  p o i n t s  lower i n  t h e  f u e l -  
a i r - r a t i o  range *om 0.02 t o  0.03. Hence, t h e  effect  of r educ ing  p r e s -  
s u r e  was t o  reduce t h e  combustor e f f i c i e n c y  a t  f u e l - a i r  r a t i o s  where t h e  
t r a n s i t i o n  between inner-zone f u e l  i n j e c t i o n  and f u e l  i n j e c t i o n  i n  b o t h  
zones occurs ,  b u t  there was l i t t l e  effect  on peak combustor e f f i c i e n c y .  
The combustor- inlet  v e l o c i t i e s  r e p o r t e d  i n  r e f e r e n c e  3 were somewhat 
lower than f o r  c o n f i g u r a t i o n  Z 1  b u t  it. is  f e l t  tbt t h i s  effect was 
n e g l i g i b l e .  
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(Comparison wi th  Other Combustor Types) 

The r a n g e  of a ram-jet powered m i s s i l e  is dependent upon b o t h  the 
combustor e f f i c i e n c y  and t h e  combustor p r e s s u r e  r a t i o .  
are combined i n  the parameter specific fuel consumption, which is  an 
index of range p o t e n t i a l .  
was c a l c u l a t e d  f o r  these d a t a  f o r  purposes o f  comparrison. 
t o t a l - p r e s s u r e  r ecove ry  of 0.6 and a completely expanded exhaust  nozz le  
having a v e l o c i t y  c o e f f i c i e n t  o f  0.95 w e r e  assumed f o r  t h i s  c a l e u l a t i o n .  
V a r i a t i o n  of s p e c i f i c  fuel consumption wi th  n e t  t h r u s t  p e r  pound of 
engine a i r  flow is  shown i n  f i g u r e  6 f o r  c o n f i g u r a t i o n s  1, 2, and a 
t y p i c a l  c i r c u l a r  V-gut ter  c o n f i g u r a t i o n  (ref. 1, c o n f i g u r a t i o n  6) f o r  a 
u n i t  air flow of approximately 6.8. 
and a l i n e  i n d i c a t i n g  t h e  i dea l  combustor performance (based on a com- 
b u s t o r  e f f i c i e n c y  of 1.0 and t h e  a p p r o p r i a t e  p r e s s u r e  loss of heat 
a d d i t i o n )  are given f o r  r e f e r e n c e .  
s p e c i f i c  fuel  consumption of 2.08 at a f u e l - a i r  r a t i o  of 0.013. Con- 
f i g u r a t i o n  2 had a s l i g h t l y  lower minimum s p e c i f i c  f u e l  consumption o f  
2.05 f o r  the l e a n  f u e l - a i r  r a t i o  range.  Thus, t h e  h ighe r  flame-holder 
p r e s s u r e  loss  l a r g e l y  n u l l i f i e d  the advantage of h ighe r  combustor effi- 
c i e n c y  which conf igu ra t ion  2 had over conf igu ra t ion  1. The minimum 
specific f u e l  consumption f o r  t h e  typical c i r c u l a r  V-gutter configura-  
t i o n  was 2.15, which occurred a t  a f u e l - a i r  r a t i o  o f  0.018. For t h e  
lean range  of f u e l - a i r  r a t i o ,  con f igu ra t ion  2 and c o n f i g u r a t i o n  6 o f  
r e f e r e x e  1 ked n e a r l y  t h e  same s p e c i f i c  fuel consumption (within 4 
p e r c e n t ) .  
i n f e r i o r  t o  conf igu ra t ion  6 o f  r e f e r e n c e  1. 

These parameters  

Accordingly, t h e  specific fuel consumption 
A d i f f u s e r  

Lines  o f  c o n s t a n t  f u e l - a i r  r a t i o  

Configurat ion 1 had a minimum 

A t  fuel-air r a t i o s  above 6.X2, t k e  can combustor was slightly 

E f f e c t  of Shortening Combustion Chamber 

S h o r t  combustion chambers are g e n e r a l l y  d e s i r a b l e  f'rom t h e  s t and-  
p o i n t  o f  weight and e x t e r n a l  d r a g  cons ide ra t ions .  To i n v e s t i g a t e  the 
effect  of s h o r t e n i n g  t h e  can-type combustion chamber, c o n f i g u r a t i o n  3 
w a s  t e s t e d .  This c o n f i g u r a t i o n  was t h e  same as c o n f i g u r a t i o n  2 except 
t h a t :  
(b) t h e  inner-zone f u e l - i n j e c t i o n  system was modified s l i g h t l y  as dis- 
cussed i n  APPARATUS. The fuel-system design change was f e l t  t o  have a 
n e g l i g i b l e  e f f e c t  upon performance. 

(a) t h e  combustion chamber w a s  shortened f'rom 86 t o  56 inches ,  and 

Data f o r  t h e  performance of conf igu ra t ion  3 w e r e  obtained by the 
d i r ec t - connec t  mode of i n v e s t i g a t i o n  and are p resen ted  i n  figure 7 
t o g e t h e r  w i t h  t h e  d i r ec t - connec t  performance data of conf igu ra t ion  2.  
All t h e  d a t a  p re sen ted  i n  t h i s  curve were obtained a t  a u n i t  a i r  f low 
of approximately 6.8. 
inner-zone fuel i n j e c t i o n  ( f i g .  7), occurred a t  a f u e l - a i r  r a t i o  of 0.02 
f o r  c o n f i g u r a t i o n  3. This was 14 percentage p o i n t s  lower than  t h e  e f f i -  
c i ency  of c o n f i g u r a t i o n  2 f o r  the same f u e l - a i r  r a t i o .  

The peak va lue  of e f f i c i e n c y  of 0.77, w i t h  on ly  

A t  t h i s  same 

................................. . . .  0.: COIW&E"&.., . ..... ........ ......................... . 0 .  . 0 .  . 0 .  0 .  . . .... 
0 .  ...... 
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f u e l - a i r  r a t i o ,  the  combustor e f f i c i e n c y  of t h e  typical V - g u t t e r  con- 
f i g u r a t i o n  o f  f i g u r e  6 was lowered 8 percentage  p o i n t s  by shor t en ing  
t h e  combustion chamber i n  a similar manner (ref.  1). Thus, it appears 
t h a t  the can-type flame-holder combustor e f f i c i e n c y  was more s e n s i t i v e  
t o  combustion-chamber l e n g t h  than  the e f f i c i e n c y  of  the  typ ica l  V-gut ter  
conf igu ra t ion .  

the  r ange  of f u e l - a i r  r a t i o  up t o  0.05, the e f f i c i e n c y  of  con- 
f i g u r a t i o n  2 was markedly s u p e r i o r  t o  t ha t  of  the  s h o r t e r  conf igu ra t ion  
3; f o r  example, a t  a f u e l - a i r  r a t i o  of 0.04, the e f f i c i e n c y  of conf ig-  
u r a t i o n  2 was 18 percentage  p o i n t s  higher than  the e f f i c i e n c y  o f  con- 
f i g u r a t i o n  3. 
ciencies were approximately equal ,  i n d i c a t i n g  tha t  l e n g t h  had l i t t l e  
e f f e c t  a t  f u e l - a i r  r a t i o s  n e a r  s t o i c h i o m e t r i c .  
r a t i o s  of conf igu ra t ions  2 and 3 were e s s e n t i a l l y  equ iva len t  ( f ig .  7 ) .  

Above a f u e l - a i r  r a t i o  of  0.0525, however, the eff i -  

Combustor t o t a l - p r e s s u r e  

E f f e c t  o f  P i lo t -Burner  Var i ab le s  

A s  p a r t  of  the i n v e s t i g a t i o n  of  the  performance of  conf igu ra t ion  2, 
a brief s tudy  o f  the effects of p i l o t  v a r i a b l e s  on combustor e f f i c i e n c y  
and s t a b i l i t y  l i m i t s  with only  inner-zone f u e l  i n j e c t i o n  was undertaken. 
The e f f e c t  of pe rcen t  p i l o t  air f low on combustor e f f i c i e n c y  a t  a f u e l -  
a i r  r a t i o  of about  0.015 and a u n i t  air  f low of  about  6.9 i s  presented  i n  
f i g u r e  8. Over the range  of p i l o t  air flow i n v e s t i g a t e d ,  combustor e f f i -  
c iency  decreased s l i g h t l y  with inc reased  pe rcen t  p i l o t  air f low.  
3 percen t  p i l o t  a i r  flow, the combustor e f f i c i e n c y  decreased about  3 
pe rcen t  below i t s  l e v e l  w i t h  no p i l o t  a i r  flow. Thus, a l though the t r e n d  
is  s l igh t ,  it appears  that  combustor e f f i c i e n c y  was adve r se ly  a f f e c t e d  by 
i n c r e a s i n g  the p i l o t  a i r  flow. 

With 

The e f f e c t s  of p i l o t  a i r  f low and p i l o t  f u e l  f low upon inner-zone 
stabil i ty l i m i t s  are shown i n  f i g u r e  9 ,  where l e a n  and r i c h  blow-out 
l i m i t s  are p l o t t e d  a g a i n s t  p i l o t  f u e l  f low f o r  three p i l o t  air  flows. 
The reg ions  o f  stable combustion broadened w i t h  i n c r e a s i n g  pe rcen t  p i l o t  
air flow. I n c r e a s i n g  p i l o t  f u e l  f l ow decreased the  r i ch  l i m i t  of  stable 
combustion i n  each case .  
(0.001 t o  0.028) by u s i n g  1 percen t  p i l o t  a i r  and a p i l o t  f u e l  f low of 1 
percen t  of o v e r - a l l  s t o i c h i o m e t r i c .  
have only n e g l i g i b l e  effect on combustor e f f i c i e n c y  as shown by f i g u r e  8. 

Fair ly  wide s t ab i l i t y  limits can be achieved 

Th i s  mode of  p i l o t  opera t ion  would 

An i n v e s t i g a t i o n  of  three conf igu ra t ions  of can-type combustors 
employing a fue l - a i r -mix tu re  c o n t r o l  s l e e v e  and a d u a l  ( i nne r  and o u t e r  
zone) f u e l  system i n  a 20-inch-diameter ram-jet combustor was conducted 
i n  a f a c i l i t y  s imula t ing  f l i g h t  at Mach number 3.0 and a l t i t u d e s  from 
about  70,000 t o  80,000 fee t .  The fo l lowing  r e s u l t s  were obtained:  

. 0 .  . .................... .......... a 0 .  0 .  .... 0 .  ...... ..... . .  ...... . 0 .  . 0 .  . 
0 .  

0 :  . 0 .  ......................... 
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1. One c o n f i g u r a t i o n  had peak combustor efficiencies of about 0.90 
a t  f u e l - a i r  r a t i o s  of 0.018 and 0.04. When compared with the r e s u l t s  
of a p rev ious  i n v e s t i g a t i o n  of a similar can-type combustor a t  h ighe r  
combustor p r e s s u r e s ,  it was found t h a t  a reduct ion i n  combustor p re s -  
s u r e  *om over 2000 t o  less than  1000 pounds p e r  square f o o t  introduced 
a r e d u c t i o n  i n  the combustor e f f i c i e n c y  a t  f u e l - a i r  r a t i o s  i n  t h e  transi- 
t i o n  r e g i o n  between inner-zone f u e l  i n j e c t i o n  and f u e l  i n j e c t i o n  i n  b o t h  
zones b u t  had l i t t l e  effect on peak e f f i c i ency .  

2. To enable  a comparison w i t h  o t h e r  combustors, specific fuel con- 
sumption was c a l c u l a t e d .  The comparison showed t h a t  the performance of 
the can-type combustor d i f f e r e d  only s l i g h t l y  f’rom t h e  performance of a 
t y p i c a l  c i r c u l a r  V-gutter conf igu ra t ion .  A t  a f u e l - a i r  r a t i o  of 0.018, 
the can-type combustor had about  4 p e r c e n t  lower specific f u e l  consump- 
t i o n ,  b u t  was s l i g h t l y  i n f e r i o r  a t  fue l - a i r  r a t i o s  above 0.042. I 

I 

3. It was found that r educ ing  the combustion-chamber l e n g t h  from 86 
I t o  56 inches  caused a r e d u c t i o n  i n  combustor e f f i c i e n c y  f o r  t h e  can-type 

of 0.0525, however, the e f f i c i e n c i e s  were n o t  a f f e c t e d  by the change i n  

flame ho lde r  of 1 4  pe rcen tage  p o i n t s  a t  a f”ue1-air r a t i o  of 0.02 and of 
18 percentage p o i n t s  a t  a f u e l - a i r  r a t i o  of 0.04. 

l e n g t h .  

Above a f u e l - a i r  r a t io  
I 

4. The range of f u e l - a i r  r a t i o  f o r  which stable inner-zone bu rn ing  
was p o s s i b l e  was T U u i i 2  t=! %e i nc reased  by bu rn ing  f u e l  i n  the small center 
p i l o t ,  b u t  i n c r e a s e s  i n  p i l o t  air f low over i pei-cczt nf t o t a l  air flow 
caused a small r e d u c t i o n  i n  combustor e f f i c i e n c y .  When t h e  p i l o t  was 
operated w i t h  1 p e r c e n t  a i r  f l a w  and a fuel f low of 1 percen t  o f  over- 
a l l  s t o i c h i o m e t r i c ,  fa i r ly  wide s t a b i l i t y  limits w e r e  provided with a 
n e g l i g i b l e  l o s s  of combustor e f f i c i e n c y .  

Lewis F l i g h t  Propuls ion Laboratory 
Na t iona l  Advisory Committee f o r  Aeronautics 

Cleveland, Ohio, A p r i l  15,1954 

................................. . . .  ..... ...... 
0 .  ......................... 0 .  

.... 0 .  0 .  . . . e  ........ . 0 .  . 0 .  . 0 .  . 



10 

......................... . 0 .  . 0 .  . 
0 .  0 .  0 .  . 0 .  . ........ . . . . . . . . . . . . . . . .  . ...... 
0 .  0 .  0 . .  . .... . 0 .  0 .  . .......... ....................... 

The 

P 

P 

R 

T 

t 

sfc  

V 

W 

‘f,e 

CONFIDENTIAL 

APPENDIX A 

SYMBOLS 

fo l lowing  symbols are  used i n  t h i s  r e p o r t :  

NACA RM E54D08 

area, sq f t  

l o c a l  speed of sound, f t /sec 

f r a c t i o n  o f  supersonic  j e t  f l o w  e n t e r i n g  engine  i n l e t  

d i scha rge  c o e f f i c i e n t  of  exhaus t  nozz le  

v e l o c i t y  c o e f f i c i e n t  of  exhaus t  nozz le  

n e t  t h r u s t ,  lb 

engine fuel-air r a t i o  

i d e a l  f u e l - a i r  r a t i o  

f u e l - a i r  r a t i o  of preheater 

s t o i c h i o m e t r i c  f’uel-air r a t i o  

a c c e l e r a t i o n  due t o  gravity, 32.2 f t / s e c  
2 

Mach number 

t o t a l  p r e s s u r e ,  lb/sq f t  abs 

s ta t ic  p r e s s u r e ,  lb/sq f t  abs 

gas  c o n s t a n t ,  f t - lb / ( lb)  (OR)  

t o t a l  t empera ture ,  R 

static tempera ture ,  R 

0 

0 

specific f u e l  consumption l b  f u e l / h r  
’ lb n e t  t h r u s t  

..-7 , c l ~ c i t y ,  - f t / s ec  

engine air flow, (wi+ wp), lb/sec 

f u e l  f low t o  engine ( inc lud ing  p i l o t  f u e l  f low) ,  1b/sec 

. . . . . . .  ....................... .......... 
0 .  

0 .  

.e.. 
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f u e l  f low t o  preheater, lb/sec 

engine  i n l e t  air f l o w  (measured 

wf ,P 

‘i 

*P p i l o t  air f low,  lb/sec 

lb/sec 

a i r  f low t o  preheater, lb/sec wP 

11 

at  exhaust nozz le  when Wp = 0), 

WU 

Y r a t i o  of  specific heats 

11 

P d e n s i t y ,  lb/cu f t  

unburned air  flow e n t e r i n g  engine,  lb/sec 

c ombu s t o r  e f f i c i e n c y  

S u b s c r i p t s  : 

C 

h h o t  (engine burning)  

c) fYee stream 

2 subsonic  d i f f u s e r  exi t  

3 cond i t ions  a t  s t a t i o n  2 ad jus t ed  t o  combustion-chamber area 

4 exhaust-nozzle  i n l e t  

5 exhaust-nozzle  minimum area 

6 s t a t i o n  downstream o f  exhaust-nozzle exit 

co ld  (engine n o t  burn ing  and no  p i l o t  air flow) 
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APPENDIX B 

METHODS OF CALCULATION 

Eng ine - in l e t  a i r  flow. - The engine exhaust  nozz le  served as a con- 
venient  meter ing o r i f i c e  f o r  determining t h e  rate of f low of a i r  th rough  
t h e  engine i n l e t  f o r  nonburning c o n d i t i o n s  (with no p i l o t  air f low and 
t h e  assumption t h a t  leakage through t h e  engine f l a n g e s  was  n e g l i g i b l e } .  
The e n g i n e - i n l e t  air flow w a s  c a l c u l a t e d  from the mass-flow equat ion 

c A V  
3: ' 5 , ~  d,c 5 5 , ~  

The exhaust nozzle  w a s  choked a t  i t s  minimum area (M5 = 1); t h u s ,  Wi 
w a s  expressed as 

wi = ' 5 , c C d , c A 5 f i  

where PgYc and T5,c were assumed e q u a l  t o  PqYc and To, r e s p e c t i v e l y .  
The exhaust-nozzle d i scha rge  c o e f f i c i e n t  Cd,c was assumed t o  be 0.985. 
P i l o t  a i r  flow Wp 
T o t a l  engine a i r  f low W wits then  Wi + WP. 

w a s  metered w i t h  an A.S.M.E. f l a t - p l a t e  o r i f i c e .  

Engine fue l - a i r  r a t i o .  - The engine f 'uel-a.ir r a t i o  was  de f ined  as 
t h e  r a t i o  of t h e  engine f u e l  f low t o  t h e  unburned a i r  f lowing i n t o  t h e  
combustor. Leaving t h e  p r e h e a t e r  was a gas which had a f u e l - a i r  r a t i o  of 

wf,P (f/aIp = - 
wP 

(3) 

where Wp 
o r i f i c e .  It was found t h a t  t h e  p r e h e a t e r  combustion e f f i c i e n c y  w a s  n e a r l y  
100 percent .  The r a t i o  B of t h e  e n g i n e - i n l e t  air f low t o  t h e  supersonic  
nozz le  flow w a s  c o n s t a n t  because t h e  e n g i n e - h l e t  d l f f u s e r  operated super-  
c r i t i c a l l y  a t  311 times. The unburned a i r  pass ing  i n t o  the engine combus- 
t i o n  chamber was then 

i s  t h e  p r e h e a t e r  a i r  f low measured by an A.S.M.E. f l a t - p l a t e  

.................... .... &rnEl\fi%... ... ........ . . . . . . . . . . . . . . . . .  0 .  0 .  0 .  0 .  
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0 .  
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I This is different  from W i  
t i o n .  

which inc ludes  preheater p roduc t s  of combus- 
The engine  fuel-air r a t i o  was t h e n  

Because it was more convenient  t o  measure t h e  eng ine - in l e t  air  flow than 
BW,, u s e  w a s  made of  the fo l lowing  r e l a t i o n :  

w = wi + wp = 

I Rearranging terms g i v e s  

W - Wp(1-B) 

wp ='pq 
S u b s t i t u t i o n  of  equat ion (7) i n  equat ion  (5) g ives  

The t e r m  -( l -B)(f /a)p wP was inconsequent ia l  i n  magnitude and was 
W 

assumed t o  be ze ro  i n  all c a l c u l a t i o n s .  

Combustor e f f i c i e n c y .  - The combustor e f f i c i e n c y  q was def ined  as 

where f/a i s  given by equat ion (8) and (f/a)' i s  the i d e a l  f u e l - a i r  
r a t i o  which would have produced t h e  same combustor-exit  t o t a l  p r e s s u r e  
P4 
the e f f i c i e n c y  was r e l a t e d  only  t o  combustor-exit  t o t a l  pressure, 
obv ia t ing  the d i r e c t  measurement of t h e  high combustion-chamber tempera tures .  

as was measured f o r  the burn ing  condi t ions  under  cons ide ra t ion .  Thus, 

...................... 0 
0 .  0 .  0 
0 . 0 . .  0 

0 0 .  0 .. 0 
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I 

The de termina t ion  of (f/a)’ w a s  implemented i n  the fo l lowing  way: 
The engine  air flow at, a g iven  s imula ted  a l t i t u d e  was the same f o r  the 
nonburning and bu rn ing  c o n d i t i o n s  and could be expressed  as 

A V  P5,hCd,h 5 5,h c A V  = w = p5,c d , c  5 5,c 

By u s i n g  the equat ion  of  state, c o n v e r t i n g  s ta t ic  p r e s s u r e  and tempera- 
t u r e  t o  t o t a l  v a l u e s ,  conve r t ing  v e l o c i t y  t o  Mach number, and r ea r r ang-  
i n g  equa t ions  (lo), the  fo l lowing  expres s ions  may be w r i t t e n :  

and 

Dividing equat ion  (11) by equat ion  (12), and assuming tha t  

P = P  5,c 4,c 

P = P  5,h 4 ,h  

= T  = T o  
T5 ,c 4,c  

T5,h = T4,h 

‘d,h = ‘d,c 
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and n o t i n g  that  

%,c %,h = 

y i e l d s  the fo l lowing  equat ion  : 

15 

was then  evaluated f o r  v a r i o u s  i d e a l  f u e l -  p4,h/p4,c The p r e s s u r e  r a t i o  

air r a t i o s  by w i n g  t h e o r e t i c a l  combustion charts, which included t h e  
effects o f  d i s s o c i a t i o n ,  t o  f i n d  

(f/a)f 
a i r  r a t i o  
measured i n  t h e  engine  combustion chamber. 

T4,h. 

could be obtained f o r  each va lue  of 

These d a t a  were then p l o t t e d  as 
a g a i n s t  P*,h/P4,c. ~y r e f e r r i n g  t o  t h i s  p l o t ,  the  i d e a l  fuel- 

P4,h/pqJc (f/a) 1 

The combustor e f f i c i e n c y  as def ined h e r e i n  is  n o t  a chemical com- 
bus t ion  e f f i c i e n c y  such as a heat-balance o r  en tha lpy - r i s e  method would 
i n d i c a t e .  The combustor e f f i c i e n c y  based on t o t a l - p r e s s u r e  measurement 
i s  more r e p r e s e n t a t i v e  of o v e r - a l l  engine performance, because it i n d i -  
c a t e s  how e f f e c t i v e l y  the h e 1  i s  be ing  used t o  provide  t h r u s t  p o t e n t i a l  
r a t h e r  than  how completely the f u e l  i s  be ing  burned. 

Combustor-inlet  Mach number. - The combustor - in le t  Mach number was 
c a l c u l a t e d  by u s i n g  the engine a i r  flow W, the static p r e s s u r e  measured 
a t  s t a t i o n  2 To, and the maximum area 
of  the combustion chamber (314.2 sq in . ) .  

pz, the i n l e t  t o t a l  temperature  

Specific f u e l  consumption. - The s p e c i f i c  f u e l  consumption was cal- 
c u l a t e d  as t h e  r a t i o  of t h e  engine f u e l  f l ow i n  pounds per hour t o  the 
n e t  t h r u s t .  Thus 

................................. 
0.: e .  CDNFE&l$$@.. 0. 

..... 0 .  0 .  . 
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where Fn, t h e  n e t  t h r u s t ,  is  g iven  by  

NACA RM E54D08 

i 

4 
By s u b s t i t u t i n g  equat ion  (21) i n t o  equat ion  ( 2 0 )  and r ea r r ang ing ,  equa- 
t i o n  (20) can b e  expressed as 

3600 g (Si-) W f  e 

sfc = (22) 
vGCv(1 f/a) + Ag W g(P6 -PO) - VO 

For t h i s  express ion ,  W f , e f W  w a s  cons idered  equ iva len t  t o  f/a of 
equat ion (8). 
t o  atmospheric pressure; hence, the  q u a n t i t y  
The va lue  C, was taken  as 0.95. 

The exhaus t  gases  w e r e  assumed t o  be completely expanded 
(A&)g(p6 - po) is ze ro .  

The v e l o c i t y  v6  was determined as fo l lows :  

v6 = M6a6 

I '6@sT6 
(251 

The value M6 was  found from the exhaust nozz le  pressure r a t i o  P4/pop 

where 

The vaiue Pz/Po was assumed t o  be 0.60 ( r e a d i l y  obta ined  i n  p r a c t i c e )  
f o r  a l l  the d a t a ;  P4/P2 
r a t i o  
number of 3.0). 

w a s  the  combustor t o t a l - p r e s s u r e  r a t i o .  The 

Po/po w a s  36.7 (a. cons tan t  corresponding t o  f l i g h t  a t  a. Ma.ch 
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The tempera ture  T6 was determined from To, t h e  combustor eff i -  
c iency ,  and a curve  of temperature  r i se  against ideal  fuel-air r a t i o .  
Thus, a l l  the q u a n t i t i e s  i n  equat ion (25) a r e  determined. 
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Figure  3. - Fuel- system d e t a i l s .  



(a) Viewed looking upstream. 

Figure 4.  - Can-type flame holder with fue l -a i r  mixture control 
sleeve attached (used f o r  configurations 2 and 3 ) .  

21 
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(b) Viewed looking downstream. 

Figure 4. - Concluded. Can-type flame holder with fuel-air  mbture 
control sleeve attached (used for configurations 2 and 3). 
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Fuel-injection zone Unit air Correspondin 
flow altitude, ft 

0 Inner and cold flow 6.85 70,400 

Q Inner and cold flow 4.09 80,700 
0 Inner and cold flow 5.42 75,200 
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Engine fuel-air ratio 

(a) Configuration 1; pilot not used. 

Figure 5. - Performance. 
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Fuel-injection zone Unit air Corresponding 
flow altitude, 

ft 
0 Inner and cold flow 6.80 70,500 

6.80 70,500 d Inner plus outer 
0 Inner and cold flow 5.44 75,200 
d Inner plus outer 5.44 75,200 
0 Inner and cold flow 4.10 80,700 

1 I I I I I 

Engine fiel-air ratio 

(b) Conf i t~~~rz t io i i  2; piioting used only when fuel was admitted to outer zone. 

Figure 5. - Concluded. Performance. 
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Configuration Fuel-injection zone Combustion-chamber 
length, in. 

0 3 Inner and cold flnv 
d 3 Inner plus outer 
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Engine fuel-air ratio 

Figure 7. - Comparison of performance of configurations 2 and 3. 
Unit air flow, 6.8; corresponding altitude, 70,500 feet; direct 
connect. 
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Figure 8. - Effect of pilot air flow on avmbustor efficiency of con- 
figuretion 2. 
connect. 

Fuel-air ratio; 0.015; unit air f i o 3 6 . 9 ;  direct 
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Lean Rich P i l o t  a i r  flow 
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P i l o t  f u e l  flow, percen t  of 

over - a l l  s t o  i c h i ome t r i c 

F igu re  9. - Inner-zone s t a b i l i t y  l i m i t s  
f o r  var ious  p i l o t  a i r  flows and f u e l  
flows. Configurat ion 2; u n i t  a i r  
flow, 6.8. 
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